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ABSTRACT 

The  performance  properties  of  thermosetting  polymer  systems  which  are 
cured  with  the  application  of  heat  and  pressure  generally  surpass  those 
obtained  with  ambient  temperature  cures  for  the  same  systems.  This 
report  describes  a program  of  research  and  development  comprising  the 
exploration  and  study  of  selected  novel  ambient  temperature  curing  techniques 
with  the  goal  of  obtaining  performance  characteristics  equaling  or  surpassing 
those  achieved  with  conventional  heat/pressure  type  cures.  The  specific  room 

i 

temperature  curing  methods  experimentally  investigated  included  electron  beam 
radiation;  flash  polymerization;  interfacial  polymerization  and  anaerobic 
cures.  Some  experiments  were  also  carried  out  on  room  temperature  curing 
epoxy  polymer  systems  with  high  temperature  service  capabilities. 
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I.  INTRODUCTION 


Nonmetallic  materials  such  as  adhesives,  sealants  and  laminates 
are  being  increasingly  utilized  for  the  more  cost  effective  construction 
of  components  of  interest  to  the  Naval  Air  Systems  Command.  Selected 
thermosetting  organic  polymer  systems  with  or  without  fibrous  reinforce- 
ments and/or  fillers  are  generally  preferred  for  these  applications 
because  they  can  provide  the  performance  needed  for  the  frequently  severe 
anticipated  service  conditions  when  properly  processed.  More  specifically, 
two  component  polymer  systems  comprising  a base  resin  and  a catalyst  or 
curing  agent  which  are  reacted  together,  usually  at  elevated  temperatures 
and  pressures,  either  per  se  or  mixed  with  reinforcing  fibers,  fillers, 
etc.,  are  used.  Autoclaves,  high  pressure  presses,  large  ovens  and  other 
types  of  expensive  and  energy  intensive  equipment  are  generally  employed 
for  their  fabrication  into  useful  products.  These  processing  requirements 
severely  limit  the  employment  of  such  polymer  systems  in  situations  wnere  such 
equipment  is  not  economically  or  technically  viaole  such  as  for  the  preauction 
of  a small  number  of  parts  with  large,  complex  surface  areas  or  field  repair 
of  damaged  components. 

Ambient  temperature  cures  represent  a Dotentially  most  attractive  alter- 
native to  the  present  processing  practices, especially  so  if  they  can  te 
accomplished  with  readily  attainable  contact  or  vacuum  pressures.  Advan- 
tages include  less  equipment  investment;  simplified  fabrication  of  octn 
new  parts  and,  where  modifications  or  repair  of  old  ones  is  indicated, 
amenability  to  processing  shapes  which  by  virtue  of  their  large  size  and/or 
complex  contours  cannot  be  readily  accommodated  in  generally  available  press 
or  autoclave  equipment;  energy  savings.  The  present  state  of  the  technology 


for  curing  polymers  at  room  temperature  as  practiced  by  processors  today 
has, however,  lagged  behind  that  used  with  conventional  heat/pressure 
cures  which  are  now  the  choice  for  producing  high  performance  nonmetal  lie 
components. 

Recently,  a number  of  new  technical  developments  have  been  realized 
which  could  substantially  enhance  the  potential  of  room  temperature  curing 
techniques  by  upgrading  the  quality  and  performance  of  thusly  cured  polymer 
systems.  This  report  describes  a program  of  research  and  development 
comprising  the  exploration  and  study  of  selected  novel  ambient  temperature  cur- 
ing techniques.  Their  use  could  result  in  cured  polymers  with  oerformance 
characteristics  equaling  or  surpassing  those  achieved  with  conventional 
heat/pressure  cures.  The  specific  ambient  temperature  curing  methods 
investigated  experimentally  include  high  energy  ionizing  electron  beam 
radiation;  flash  polymerization;  anaerobic  polymerization  and  interfacial  type 
polymerizations.  Some  experiments  were  also  carried  out  on  the  development 
of  room  temperature  curing  polymer  systems  with  hign  temperature  service 
capabilities.  The  results  obtained  are  critically  reviewed  and  recommenda- 
tions are  made  for  additional  investigations  in  this  area  of  polymer  processing. 
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II.  AMBIENT  TEMPERATURE  CURING  TECHNIQUES  FOR  THERMOSETTING  ORGANIC 

POLYMER  SYSTEMS 

Many  thermosetting  organic  polymer  systems  were  recognized  to  be 
amenable  to  cures  at  ambient  temperatures  rather  early  in  tneir  technical 
development.  Unsaturated  polyester  resins  were  among  the  first  whose 
room  temperature  curing  capabilities  were  deliberately  utilized.  These 
polymers  are  cured  with  free  radicals  produced  by  the  decomposition  of 
peroxide  catalysts,  heat  or  radiation^.  Since  the  most  comnonly  used 
organic  peroxides  are  stable  at  ambient  temperatures,  the  formation  of  a 
suitable  number  of  free  radical  requires  the  addition  of  energy  in  forms 
such  as  heat,  light  or  radiation.  Chemicals  known  as  'accelerators'  or 
’promotors'  have  also  been  developed  which  facilitate  the  decomposition  of 
organic  peroxides  at  ambient  temperature  and  initiate  the  curing  process. 
Quite  a number  of  specific  catalyst  and  accelerator  combinations  are 
being  successfully  employed  to  polymerize  the  generally 
initially  liquid  resins  into  the  solid  state  at  ambient  temper- 
atures. Radiation  cures  and  the  like  have  thus  far  not  been  industrially 
developed. 

The  more  important  industrial  accelerators  are  cobalt  and  vanadium 
compounds  such  as  the  naphtenates  or  octoates,  tertiary  amines  and  quater- 
nary ammonium  salts. ^ Cobalt  naphtenate  or  octoate  are  typically  used  in 
conjunction  with  ketone  peroxides,  hydroperoxides  and  peroxyester  catalysts. 
Amine  accelerators  such  as  dimethyl  amine  find  utility  together  with  diacyl 
peroxides  .especially  benzoyl  peroxides.  HydroDeroxide  catalysts  are  widely 
reported  to  work  well  with  quarternary  ammonium  salts.  Unsaturatea  ooly- 
ester  resins  wnich  are  cured  at  room  temoerature  with  such  catalyst/accel - 
erator  combinations,  generally  exhibit  physical  and  chemical  properties 
which  fall  short  of  those  obtained  with  heat  curing  comcositions.  Also 
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polyester  resins  compounded  with  ambient  temperature  cure  catalyst/ 
accelerator  systems  tend  to  have  pot  life  limitations  which  restrict 
their  utility  for  some  processing  techniques  such  as  for  example,  fiber 
reinforced  prepreg  materials  unless  refrigerated. 

Epoxy  resins  which  are  probably  the  most  versatile  group  of  organic 
thermosetting  materials  in  use  today,  can  be  cured  at  both  ambient  and 
elevated  temperatures  with  curing  agents  such  as  amines,  anhydrides 
and  Lewis  acids. The  amines  can  be  further  divided  into  aliphatic 
amines,  amine  adducts,  heterocyclic  amines,  polyamides,  aromatic  amines, 
etc.  The  popularity  of  the  aliDhatic  amines  and  Dolyamides  is  due  to  their 
ability  to  effect  cures  at  ambient  temDeratures  auickly  and  effectively. 

They  offer  relatively  short  working  lives  after  mixing  with  the  eooxy 
resin  --  about  30  minutes  to  several  hours  at  room  temoerature  deoending  on 
amine,  batch  size,  etc.  --  but  may  reauire  anywhere  from  four  to  seven  days 
cure  at  ambient  temoerature  to  attain  optimum  orooerties.  These  classes  of 
room  temperature  curing  agents  do  not  orovide  maximum  strengtn  orooerties, 
corrosion  resistance  and  high  temperature  orooerties  comDared  to  the  results 
achieved  with  heat  curing  aromatic  amine  or  anhydride  curing  agents. 

Other  thermosetting  organic  polymer  systems  whose  room  temoerature 

curing  characteristics  have  been  of  interest  include  the  phenol ics, 

oolyimides, si  1 icones  and  polyurethanes.  As  is  well  known,  phenolic  resins 

were  the  first  thermosets  to  be  industrialized.  The  pnenolics  are  known 

for  their  superior  heat  resistance,  high  rigidity,  good  thermal  insulating 

41 

oroperties,  dimensional  stability  and  chemical  resistance.  Processing  requires 
the  use  of  catalysts,  heat  and  pressures.  No  practical  ambient  room  temoer- 
ature curing  systems  have  been  developed.4^ 
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The  polyimides  exhibit  very  high  thermal  stability,  good  mechanical 
strength  properties,  chemical  resistance  and  quite  remarkable  dimensional 
stability.  They  generally  require  elevated  temperatures  and  moderate 
to  high  pressures  for  cure.  Processing  to  maximum  performance  characteri sties 
may  require  exposure  to  a number  of  successively  higher  temperature  condi- 
tions. The  polyimides  are  relatively  new  materials  and  their  preparatory 
as  well  as  processing  technology  still  remain  to  be  optimized. 

Recently  modified  polyimides  have  been  orepared  which  can  be  cured  by 
a free  radical  mechanism.  Experiments  indicate  that  at  least  some  of  tnese 
new  polymers  should  have  the  capability  of  at  least  initial  cure  at  ambient 
temperatures.  A number  of  curing  techniques  should  be  evaluated  experi- 
mentally for  that  purpose. 

Silicone  resins  feature  high  heat  resistance,  low  water  absorption,  good 
weatherability,  superior  dielectric  properties  and  a high  degree  of  stability 
in  diverse  and  demanding  environments. Mechanical  strength  properties 
are  nowever,  inferior  to  those  obtained  with  other  thermosetting  polymers 
such  as  the  epoxies,  polyimides,  polyersters,  etc.  Silicones  can  be  cured 
at  either  elevated  or  ambient  temperatures.  A number  of  curing  mecnanisms  nave 
been  investigated.  With  silicone  adhesive/sealants  for  example,  all  of  tne 

- \ 

curing  reactions  can  be  made  to  take  place  at  tne  ends  of  the  polymer  chains. 
These  may  be  reactive  groups  suen  as  hydroxyls  or  vinyls  which  react  witn 
a cross  linking  agent  or  catalyst  to  produce  cured  polymers.  3otn  one  and 
two  component  silicone  oolymer  svstems  caoable  of  room  temoerature  cures  have 
been  developed. 

One  part  room  temperature  curing  silicones  are  classified  oy  tne  tyce  cf 
product  that  is  evolved  during  cure  with  various  types  of  cure  systems,  e.g., 
acetic  acid,  oxime,  alcohol  or  acetamide.  The  acetic  acid  cure  svstems  are 
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They  have  been  developed 


the  least  expensive  and  the  most  widely  used. ^ 
to  the  point  where  they  are  formulated  as  single  package  systems  which  re- 
quire no  mixing  before  use  and  have  long  term  storage  stability. 

Either  a condensation  or  addition  type  cure  mechanism  can  be  employed 
for  two  part  silicone  polymer  systems  comprising  a base  polymer  and  a curing 
agent  containing  catalyst,  cross-1  inkers  or  both.  The  condensation  types 
two  part  silicones  are  similar  to  tne  one  part  silicones  discussed  aoove. 
Addition  type  cures  give  polymer  products  with  superior  heat  stability, 
excellent  corrosion  resistance  and  minimum  shrinkage  because  no  volatiles 
are  generated  during  cure.  Adhesion  to  various  substrates  needs  some 
improvements.  The  properties  of  addition  type  two  part  silicones  are 
generally  improved  by  a heat  treatment. 

The  polyurethanes  feature  remarkable  versatility  in  molecular  design 
and  compounding  particularly  for  adhesives,  sealant,  encapsulants  and  also 
both  rigid  and  flexible  cellular  materials. Isocyanates  containing  tne 
highly  active  and  unsaturated  -N=C=0  group  react  readily  witn  a great  many 
different  compounds  and  can  also  react  with  themselves.  Reactions  can 
take  place  with  most  any  compound  containing  hydrogen  that  is  replaceaole 
by  or  alkaline  rnetal  such  as  sodium  as  well  as  a multitude  of  other  types 
of  compounds  whose  hydrogen  atoms  are  not  readily  replaced  by  sodium.'' 

Reactions  with  compounds  containing  the  -NH,  - OH,  -CH  and  -SH  groups 
and  miscellaneous  active  hydrogen  compounds  are  well  known  as  are  reactions 
with  unsaturated  materials,  dimerizations  and  trimeri zations . Polyester 
and  polyether  glycols  are  among  the  most  widely  utilized  materials  for 
reactions  with  isocyanates  to  yield  high  molecular  weignt  polymers.  For 
applications  where  hydrolytic  stability  is  required,  polyethers  are  preferred. 

A rather  substantial  body  of  literature  nas  been  built  uo  on  the  oreoara- 
tion  and  formulation  of  one  and  two  component  polyurethanes  for  both  amoient 
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and  elevated  temperature  cures. The  kinetics  of  many  of  these  systems 
have  been  studied  in  considerable  detail.  Some  of  the  more  widely  used 
compositions  whicn  have  been  developed,  are  one  component  urethanes  with 
blocked  isocyanaces  which  react  on  heating;  moisture  curable  one  component 
systems;  and  two  component  compounds  in  wnich  the  principal  reaction  is 
the  formation  of  urethane  groups  by  treatment  of  the  hydroxyls  of  a poly- 
ether or  polyester  with  isocyanate  moities. 

The  problem  of  the  reversion  of  polyurethane  polymerization  under 
certain  numid  conditions  is  a serious  one  which  has  as  yet  not  been 
completely  satisfactori ly  resolved.  Improvements  are  needed  in  areas  such 
as  long  term  hydrolytic  stability,  organic  solvent  resistance  and  for  ele- 
vated temperature  service.  This  is  especially  the  case  for  one  component 
polyurethane  compositions  which  are  cured  at  room  temperature.  A consider- 
able amount  of  R S D has  been  and  continues  to  be  carried  out  in  order 
to  achieve  such  enhanced  polymer  performance  characteristics. 
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III.  NOVEL  AMBIENT  TEMPERATURE  CURING  TECHNIQUES  FOR  ADHESIVES,  SEALANTS 

AND  LAMINATES 

Currently  employed  room  temperature  curing  techniques  place  definite  limi- 
tations on  the  applicability  of  thermosetting  organic  polymer  systems  of  inter- 
est to  the  Naval  Air  Systems  Command.  These  limitations  relate  both  to  proces- 
sing and  performance.  More  specifically,  they  exhibit  generally  somewhat 
lower  physical  strengths,  decreased  resistance  to  chemicals  including  water, 
reduced  thermal  stability  and  electrical  insulating  properties,  etc.  than 
can  be  obtained  with  equivalent  polymer  systems  after  heat  cures.  Also  the 
variability  of  specific  properties  measured  on  room  temperature  cure  thermo- 
setting polymer  specimens  tends  to  be  significantly  greater  than  that 
measured  with  heat  cured  test  samples. 

Processing  limitations  pertain  both  to  working  (pot)  life  and  the  size 
and/or  shape  of  parts.  The  relatively  short  pot  life,  high  exotherm  and 
prolonged  cure  times  needed  to  realize  the  best  performance  properties  with 
polymers  cured  at  ambient  temperatures  result  in  definite  processing 
restrictions  especially  for  parts  with  thick  or  variable  thickness  cross 
sections,  large  surface  areas  and/or  complex  contours.  Cost  effective 
fabrication  of  such  parts  would  indicate  the  desirability  of  relatively  long 
pot  life  for  easy  handling  together  with  short  gel  and  cure  times  for  hign 
productivity  --  objectives  which  are  difficult  to  achieve  with  the  room 
temperature  cure  systems  presently  used  in  industry.  Also  skilled  personnel 
is  now  employed  to  assure  prooer  mixing  and  processing  of  room  temperature 
curing  two  component  systems.  Techniques  which  will  permit  the  use  of 
unskilled  labor,  would  obviously  be  desirable.  On  the  other  hand,  as  indi- 
cated above,  room  temperature  cures  have  various  important  attractive 
features  especially  for  the  manufacture  of  a limited  number  of  parts  and 
field  repair. 
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There  exists  therefore  a very  real  need  for  exploring  room  temperature 
curing  techniques  further  with  the  objective  of  overcoming  the  deficiencies 
of  the  presently  practiced  methods.  This  report  describes  a orogram  of 

J research  and  development  comprising  the  exploration  and  study  of  selected 

i. 

novel  ambient  temperature  curing  techniques  which  could  result  in  cured 
polymer  properties  with  performance  characteristics  equal  to  or  surpassing 
those  achieved  with  thermal  cures.  The  specific  ambient  temperature  cure 
methods  investigated  experimentally  include  high  energy  ionizing  electron 
beam  radiation;  flash  polymerization;  anaerobic  polymerization  and  interfacial 
type  polymerizations.  Some  experiments  have  also  been  carried  out  on  the 
development  of  roan  temperature  curing  polymer  systems  with  high  temperature 
service  capaDi 1 i ties. 
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IV.  RADIATION  CURING 


A.  Basic  Technical  Considerations 

Radiation  curing  is  defined  as  the  polymerization  or  curing  of 
organic  polymer  systems  by  subjecting  them  to  radiation  bombardment^ 

Most  polymer  systems  cannot  be  cured  readily  by  radiation  and  require 
chemical  modifications.  One  type  of  radiation  curable  polymer  system  con- 
tains carbon-carbon  double  bonds  and  cures  by  a chain  reaction  mecnaiii sm 
known  as  addition  polymerization.  The  amount  of  radiation  to  whicn  poly- 
mers can  be  subjected  to  a polymerization  and  cure  must  be  controlled 
and  depends  on  their  chemical  composition.  Exposure  of  polymer  systems 
to  excessively  large  amounts  of  radiation  will  result  in  degradation  of 
their  structure  with  resulting  loss  of  their  physical  strengths  and 
other  properties. 

Various  forms  of  radiation  have  been  employed  for  effecting  the 

31 

polymerization  of  organic  polymers.  ' These  comprise  electromagnetic 
radiation  such  as  gamma  rays,  ultraviolet  rays,  visible  light  rays, 
microwaves,  RF  waves  and  ultrasonic  waves  as  well  as  particle  radiation 
including  electrons,  alpna  particles,  beta  particles  and  neutrons. 

For  a continuous  manufacturing  process  the  three  most  widely  employed 
forms  of  radiation  are  accelerated,  i.e.  high  energy  electrons,  radio- 
isotopes and  ultraviolet  light.  This  choice  is  based  on  considerations 
such  as  economy  of  operation;  penetrating  ability;  ability  to  activate 
the  entire  volume  of  resin;  obtainable  dose  rates  (which  control  the 
rate  of  curing);  residual  radioactive  contamination;  shielding  require- 
ments and  applicability  to  production  operations. 

Gamma  radiation  derived  from  isotopes  such  as  cobalt  60  or  cesium  137, 
although  still  considered  by  some  to  be  a new  process,  has  been  in  commer- 
cial use  for  at  least  a quarter  of  a century.  At  present,  sterilization 
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of  medical  products  especially  disposables,  is  a major  industrial  appli- 
cation. Both  electron  beam  (EB)  and  ultraviolet  (UV)  radiation  sources 
are  relatively  new  to  the  industrial  production  environment  even  though 
they  have  been  used  extensively  in  research  laboratories  and  pilot 
plants  for  the  better  part  of  the  last  two  decades?'  E3  radiation  is 
being  employed  extensively  in  such  industrial  applications  as  the 
cross  linking  of  thermoplastic  wire  and  cable  insulations  and  also 
plastic  packaging  films.  UV  radiation  is  finding  applications  in  the 
coatings  field  and  related  areas. 

The  latest  and  as  yet  largely  unexplored  radiation  technique  is 
said  to  make  a novel  use  of  the  electromagnetic  spectrum  to  deliver 

energy  in  a pulsed  mode  with  high  peak  powers.  It  utilizes  xenon  lamps 

9) 

and  is  called  flash  polymerization.  ' This  method  will  be  discussed 
in  a later  section  of  this  report.  Microwave  curing  is  recognized  as 
still  another  radiation  curing  method  of  considerable  merit  especially 
for  curing  elastomers  and  some  fiber  reinforced  plastics.  As  it  is 
not  an  ambient  temoerature  curing  technique,  it  will  not  be  discussed 
further  here. 

The  two  radiation  sources  of  greatest  interest  for  curing  thermo- 
setting polymer  systems  in  configurations  where  cross  section  thickness 

greater  than  a few  mils  required  are  high  energy  electron  beams  (EB) 

3) 

from  accelerator  machines  and  cobalt  60  (C0-60)  from  isotopes.''  Table  =1 
compares  the  properties  of  these  two  radiation  sources.  Electron 
beams  have  emerged  as  the  generally  preferred  choice  even  thougn  cocalt-50 
radiation  has  greater  penetrating  power.  Specific  advantages  of  E3 
) radiation  include  higher  dose  rate  capability  for  minimum  cure  times 

and  thus  higher  throughputs,  constant  radiation  strength,  low  cost  of 
delivered  radiation  and  no  replenishment  requirements. 
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EB  curing  has  likewise  definite  advantages  over  conventional  UV 
curing  techniques.  They  include  substantially  greater  and  more  con- 
trolled depth  of  the  penetration  of  the  radiation,  higher  dose  rate 
capability,  faster  cure  times  and  insensitivity  to  opaque  fillers, 
pigments,  etc.  On  the  other  hand  the  investment  cost  for  installed 
EB  accelerator  equipment  is  very  much  larger  than  that  needed  for 
conventional  UV  lamp  installations.  The  price  of  cobalt-60  is  con- 
trolled by  government  regulations.  The  cost  of  shielding  a cobalt-60 
installation  for  providing  adequate  safety  to  operating  personnel  are 
considerable.  EB  processing  systems  can  usually  be  employed  for  a variety 
of  curing  tasks  while  UV  and  also  cobalt-60  installations  are  generally 
designed  with  a specific  application  in  mind. 

Accelerated  electron  beam  radiation  deposits  energy  directly  in 
the  organic  polymer  and  given  a sufficient  amount  of  energy  deposited, 
curing  can  occur  in  a few  seconds  even  at  room  temperatures.  The  penetra- 
tion of  such  electrons  is  limited  however,  and  any  material  placed  between 
the  radiation  source  and  the  polymer  will  shield  the  polymer.  This  limits 
tne  thickness  of  the  organic  material  to  be  cured  and  also  limits  curing 
a line-of -sight  process  only. 

The  voltage  (kinetic  energy)  of  the  high  energy  electron  is  important 
because  it  determines  tne  depth  to  which  it  can  penetrate  a given  material. 
For  a specific  voltage,  the  penetration  is  inversely  proportional  to 
the  density  of  the  material  being  bombarded.  The  voltage  requirement  of 
an  electron  beam  accelerator  used  for  an  industrial  process  is  tnerefore 
determined  by  the  thickness  and  the  density  of  the  materia'  to  oe  cured. 
Electron  energy  is  usually  expressed  in  millions  of  volts  (^EV)  or  thou- 
sands of  volts  (KEV).  Table  *2  lists  the  maximum  penetration  for  a 
material  of  unit  specific  gravity  with  equal  entrance  and  exit  dosage 

ar  a function  of  the  electron  energy. 
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TABLE  2:  MAXIMUM  PENETRATION  FOR  A UNIT  DENSITY  MATERIAL  WITH  EQUAL 
ENTRANCE  AND  EXIT  DOSAGE  AS  A FUNCTION  OF  ELECTRON  ENERGY 


Electron,  energy,  MEV 
0.75 
1.0 
1..5 
3.0 


Maximum  penetration,  mils 
90 
125 
185 
370 


"The  quantity  of  required  radiation  relates  to  the  amount  of  material 
to  be  cured  --  the  higher  the  current  of  the  electron  beam,  the  greater 

Q i 

the  amount  of  material  than  can  be  cured.  ' By  analogy  the  amount  of  radia- 
tion used  is  related  to  the  amount  of  catalyst  used  in  thermal/cnemical 
curing.  1 milliampere  of  electron  beam  current  equals  6.23  x 1015  electrons 
per  second.  Table  #3  lists  typical  performance  characteristics  for  a 
3 MEV  electron  accelerator.  The  data  show  that  a 1.0  specific  gravity 
polymeric  material  could  receive  a dosage  of  5 megarads  while  passing 
under  the  electron  beam  at  a speed  of  12  ft/mi n (2  foot  scan)  or  6 ft/min 
(4  foot  scan).  For  a specific  gravity  2.0  material,  the  penetration  depth 
would  be  185  mils  and  tne  absorbed  dose  conveyor  speed  as  shown.  Assuming 
that  a dosage  of  5 megarads,  completely  cures  a 1.0  specific  gravity  material, 
the  3 MEV  machine  could  completely  cure  an  area  measuring  12'  x 2'  x 0.370" 
thick  in  one  minute. 

TABLE  * 3.  3.0  MEV  ELECTRON  BEAM  ACCELERATOR  SPECIFICATIONS 

A.  Conveyor  soeed  vs.  dosage  for  100  cps  and  12  m amos  oeam  current 
(Assuming  50*  beam  utilization  efficiency 

Absorbed  dose  (sp.  gray.  1.0)  2 ft.  scan  4 ft.  scan 

1 megarad  60  ft/min  30  ft/min 

2 mega  rad  30  ft/min  15  ft/min 

5 mega  rad  12  ft/min  6 ft/min 

3.  Maximum  penetration  for  unit  density  material,  ecual  entrance  and 
exit  dosage 


0.75  MEV 
1 . 50  MEV 
3.0  MEV 
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90  mils 
185  mils 
370  mi  Is 


The  cost  of  electron  beam  curing  at  a 5 megarad  dosage  would  be 
less  than  one  cent  per  pound  of  polymeric  raw  material.  This  cost,  which 
includes  operator  cost  is  based  on  the  assumption  that  the  accelerator 
will  be  used  4000  hours  per  year  at  a maximum  production  rate  of  the 
cured  material.  Considerable  industrial  experience  with  electron  beam 
radiation  curing  of  products  such  as  thermoplastic  wire  insulation  and 
packaging  films  shows  that  these  cost  estimates  are  realistic  for  a 
production  situation  and  also  that  they  compare  quite  favorable  with  those 
needed  for  conventional  thermal/catalytic  cures. 

Many  problems  associated  with  such  conventional  thermal  catalytic 
curing  have  been  tolerated  in  the  past  for  the  production  of  high  perfor- 
mance comDosites,  adhesives,  sealants,  etc.,  because  there  was  simply  no 
other  curing  method  available.  Radiation  curing  promises  the  following  specific 
very  significant  improvements: 

room  temperature  curing  (eliminates  thermal  distortion  of 
parts,  oven  equipment,  etc.). 

very  short  cure  cycles  together  with  indefinitely  long  pot 
1 ife. 

elimination  of  multiple  sets  of  expensive  tooling  and  facilities 

elimination  of  hazardous  chemicals  (e.g.  catalysts,  accelerators ) 
and  deleterious  by  products  (noxious  gases,  residues) 

staged  production  (compounds  can  be  cured  in  sections) 

automated  production  lines. 

3.  Experimental 

Room  temperature  curing  of  achesives,  sealants,  laminates,  etc., 
with  electron  beam  radiation  has  been  discussed  as  offering  a number 
of  significant  advantages  over  conventional  thermal/catalytic  curing 
techniques.  This  section  describes  exploratory  investigations  of 
radiation  curing  of  selected  thermosetting  organic  polymer  systems  and 
fiber  reinforced  thermosetting  resin  laminates  at  ambient  temperatures. 
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A 3 MEV  electron  beam  accelerator  machine  called  the  Dynamitron  by 
its  manufacturer.  Radiation  Oynamics,  Inc.  (Melville,  L.I.,  was 

employed  as  the  source  of  the  ionizing  radiation  for  tne  curing  of 
the  various  polymeric  materials  and  composites.  This  machine  can 
irradiate  up  to  72",  wide  0.37"  thick  unit  density  material  at  the 
3 MEV  level  continuously  on  a moving  belt  type  of  conveyor  or  discrete 
carts  which  can  be  moved  underneath  the  electron  beam. 

Measured  quantities  of  selected  radiation  curable  thermosetting 
polymer  systems  in  the  form  of  castings  or  uncured  flat  sheet  lay- 
ups of  glass  fiber  cloth  reinforced  resin  bonded  laminates  were  con- 
tained in  or  deposited  onto  suitably  shaped  high  density  polyethylene 
sheet  supports.  Casting  compositions  were  formulated  with  a mineral 
filler  to  preyent  the  development  of  excessive  exotherm  during  cure. 

The  fiber  reinforced  resin  lay  ups  contained  about  70°I  by  weight  glass 
fibers.  These  assemblies  were  then  tightly  wrapped  with  strapping  tape 
to  maintain  their  configuration  during  handling,  positioning  and  curing. 
The  radiation  polymerizable  casting  comoositions  and  flat  sneet  lay-ups 
had  approximate  dimensions  of  10"  x 8"  x 1/8".  The  candidate  electron 
beam  curing  polymer  systems  did  not  contain  any  catalyst  or  accel erators . 

The  irradiations  were  all  conducted  at  amoient  temperatures  and  in 
the  presence  of  air.  The  assemblies  with  the  various  test  specimens 
were  placed  on  a conveyor  whicn  moved  underneath  the  beam  of  a 3 MEV 
Dynamitron  electron  beam  accelerator  located  atn  the  Radiation  Dynamics, 
Inc.  Service  Center  at  Plainview,  L.I.,  N.Y.  This  facility  nas  a magnetic 
beam  sweeping  accessory  that  provides  a uniform  electron  flux  over  a line 
width  of  4 ft.  A constant  speed  conveyor  system  carries  the  test 
assemDlies  through  the  line  of  electrons  emerging  from  the  morn  of  tne 
machine  so  that  uniform,  large  area  irradiations  can  oe  obtained. 
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The  Dynamitron  operating  conditions  were  3 MEV  and  25  mi  11 iamperes. 
With  the  conveyor  moving  at  a speed  of  30  feet  per  minute,  the  dosage 
rate  was  2.5  megarads  (Mrads)  per  pass  through  the  beam.  The  exposure 
time  of  the  various  specimens  to  the  radiation  was  in  the  order  of  a 
few  seconds.  Tables  4 and  5 and  Figures  1,  2 and  3 summerize  specific 
experimental  conditions  and  typical  test  results.  The  strength  proper- 
ties of  two  typical  radiation  cured  laminates  are  compared  with  those 
of  peroxide  cured  laminates  of  the  same  composition  in  Table  5.  The 
various  temperature  data  were  obtained  after  a 1 hour  soak  at  the  indicated 
temperature.  The  specific  resins  investigated  were  unsaturated  polyesters 
and  epoxy  acrylates  selected  on  the  basis  of  their  reported  capability 
to  withstand  high  service  temperatures. 


TABLE  3:  STRENGTH  PROPERTIES  OF  SELECTED  RADIATION  CURED  THERMOSETTING 
POLYMER  CASTINGS  AT  AMBIENT  AND  ELEVATED  TEMPERATURES 


A.  Aluminum  filled  polyester  resin  castings  (32  volume  % alumina) 


Koppers  3700-50  polyester  resin,  8 MR  irradiation  dosage 


Test  Temper- 
ature, 

°F 


Flexural  Strength,  PS  I 
No  post  16  hour  post 

cure  cure  at  350  °F 


Flexjral  Modulus,  PS  I X 1 
No  post  j 15  hours  pos 

cure  | cure  at  3503 F 


PT 

6,520 

6,730 

7.05 

9.1* 

150 

2,860 

3,420 

2.06 

2.71 

250 

1,810 

2,060 

0.94 

1.04 

330 

1,230 

930 

0.36 

0.42 

400 

540 

670 

0.30 

0.36 

500 

- 

260 

- 

0.45 

Koppers  3700-50, 

12  MR  irradiation  dosaqe 

RT 

7,100 

3,500 

7.45 

10. 13 

150 

3,250 

3,400 

2.34 

2.92 

250 

2,050 

1,980 

1.06 

1.02 

330 

750 

816 

0. 49 

0.54 

400 

1,080 

510 

0.60 

0.47 

500 

690 

320 

0.70 

0.  56 
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TABLE  3 (Cont'd) 

I 

Test  Temper- 

Flexural 

Strength, 

PSI 

Flexural 

Modulus,  PSI  X 105 

ature. 

No  post 

16  hours 

post 

No  Post 

16  hours  post 

°F 

cure 

cure  at 

350  °F 

cure 

cure  at  350  °F 

aers  3700-50,  20  MR  irradiation  dosage 


RT 

6,740 

7,580 

8.05 

11.67 

150 

3,520 

3,840 

3.14 

3.82 

250 

2,460 

2,910 

1.63 

1.42 

330 

1,150 

1,010 

0.61 

0.43 

400 

730 

630 

0.52 

0.53 

500 

640 

520 

- 

- 

Koppers  7000,  polyester  resin,  8 MR  irradiation  dosage 


RT 

7,350 

7,810 

8.37 

9.05 

150 

3,840 

3.960 

6.15 

7.81 

250 

3,280 

3.060 

2.24 

3.46 

330 

2,420 

2,850 

1.61 

1.32 

400 

1,890 

1,630 

1.08 

0.95 

500 

910 

1,010 

0.75 

0.63 

aers  7000  polyester,  resin,  12  MR  irradiation  dosage 


RT 

7,280 

7,650 

3.51 

8.63 

150 

4,110 

4,246 

5.38 

6.27 

250 

3,420 

3,280 

4.71 

4.13 

330 

2,380 

3,020 

3.62 

2.75 

400 

1.620 

1,470 

1.25 

1.60 

500 

730 

940 

0.80 

1.04 

RT 

7,420 

7,260 

3. 16 

3.73 

150 

5,310 

4,680 

5.92 

4.67 

250 

4,160 

3,480 

4.26 

4.58 

330 

1,830 

2,150 

2.81 

3.42 

400 

1,320 

1,380 

1.46 

1.72 

500 

790 

940 

1.08 

1. 13 

Vibrin  136  A polyester  resin,  8 MR  irradi ation  dosage 


RT 

6,930 

6,310 

3.23 

3.30 

150 

5,390 

6,340 

7.84 

7.91 

250 

4,260 

4,130 

4.62 

5.  13 

330 

4.140 

4,340 

2.07 

2.  24 

400 

1,350 

2,070 

1.28 

1.47 

500 

1,080 

1,240 

0.95 

1.14 

I 


-18- 


Table  3 (Cont'd) 

Test  Temper-  Flexural  Strength,  PS  I Flexural  Modulus,  PSI  X 105 


ature 

No  post 

| 16  hours  post 

No  Post  j 

16  hours  post  cure 

°F 

cure 

cure  at  350  °F 

cure 

at  350  °F 

Vibrin 

136  A polyester 

resin,  12 

MR  irradiation  dosaqe 

RT 

6,540 

7,260 

8.05 

8.17 

150 

6,310 

5,440 

7.81 

3.22 

250 

3,740 

3,890 

7.32 

8.06 

350 

2,540 

2,430 

1.80 

1.73 

400 

1,320 

1,860 

1.53 

1.41 

500 

1.130 

1,080 

0.90 

1.02 

Vibrin 

136  A polyester 

resin,  20  MR  irradiation  dosage 

RT 

7,050 

6,840 

8.11 

8.08 

150 

6,240 

6,580 

7.92 

7.83 

250 

4,310 

4,080 

7.34 

7.28 

350 

2,840 

2,540 

3.08 

2.10 

400 

2,070 

2,080 

1.78 

1.16 

500 

1,030 

1,180 

1.  15 

0.95 

Vibrin 

115  oolyester  resin,  5 MR 

irradiation  dosaqe 

RT 

4,340 

4,350 

7.05 

7.64 

150 

4,210 

4,920 

6.90 

7.82 

250 

3,680 

4,920 

6.90 

7.32 

350 

3,680 

3,890 

6.85 

3.41 

400 

1,380 

1,350 

2.77 

2.72 

500 

1,120 

1,140 

1.34 

1.20 

1,060 

980 

1.06 

1.  12 

Vibrin 

115  polyester  resin,  12  MR 

irradiation  dosaqe 

RT 

4,610 

4,560 

10.15 

11.6 

150 

4,640 

4,350 

9.65 

8.95 

250 

3,290 

3,540 

5.9 

4. 15 

350 

1,960 

2,030 

1.81 

1.86 

400 

1,090 

1,160 

1.16 

1. 12 

500 

960 

730 

0.84 

0.97 

Vibrin 

115  polyester  resin,  20  MR 

irradiation  dosage 

RT 

4,730 

4,810 

9.13 

3.05 

150 

4,330 

4,520 

3.25 

7. 16 

250 

4,290 

4,300 

5. 18 

5.48 

350 

3,030 

2,310 

1.30 

1.45 

400 

1,310 

1,630 

1.24 

1.33 

500 

1,120 

980 

0.  55 

0.90 

Selectron  5016  polyester  resin,  6 

MR  irradiation  dosaae 

RT 

4,210 

fl  ,460 

9.05 

3.24 

150 

4,300 

4,240 

7.30 

7.95 

250 

3,290 

3,540 

5.90 

6.23 

350 

1,960 

2,080 

1.31 

1.S6 

400 

1,310 

1,260 

1.21 

1.03 

500 

1,020 

930 

0.85 

0.92 
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TABLE  3 (Cont'd) 

Test  Temper-  Flexural  Strength,  PS  I 

ature  No  post  16  hrs.  post 

°F  cure  cure  at  350°F 


Flexural  Modulus, PSI  X 105 
No  Post  16  hrs.  post  cure 
cure  at  350°F 


Selectron 

5016  polyester 

resin , 

12  MR 

irradiation  dosage 

RT 

4,520 

4,860 

3.35 

3.06 

150 

3,630 

3,520 

3.26 

7.36 

250 

2,050 

2,140 

4.35 

3.80 

350 

1,760 

1,920 

1.24 

1.13 

400 

1,210 

1,080 

1.04 

0.95 

500 

980 

870 

0.88 

0.72 

Selectron 

5016  polyester 

res i n , 

20  MR 

irradiation  dosaqe 

RT 

4,720 

5,030 

9.25 

9.64 

150 

3,260 

4,020 

8. 10 

6.28 

250 

2,120 

2,180 

3.80 

4.13 

350 

1,430 

1,380 

2.85 

2.46 

400 

1,020 

1,030 

1.35 

1.82 

500 

910 

820 

1.10 

0.98 

3.  Alumina  Filled  Epoxy  Acrylate  Castings  (30  volume  alumina^ 
Epocryl  U12  epoxy  acrylate  resin,  18  MR  irradiation  dosage 


RT 

9,640 

10,070 

8.92 

3.84 

150 

10,100 

9,370 

3. 10 

7.84 

250 

8,650 

8,186 

6.32 

5.  43 

350 

6,340 

5,340 

1.57 

2.04 

400 

2,130 

2,410 

1.24 

1.61 

500 

1,160 

1,420 

1.06 

0.95 

Epocryl  U 12  epoxy  acrylate  resin,  24  MR  irradiation  dosage 


RT 

10,140 

10,030 

9.15 

7.34 

150 

3,310 

9,120 

3.30 

3.08 

250 

6,160 

7,460 

5. 16 

7.14 

350 

5,130 

5,060 

1.43 

1.33 

400 

2,340 

2,620 

1.20 

1 1 ^ 

500 

1 ,050 

1,140 

0.92 

0.35 

Epocryl  U12/TAC  eooxy  acrylate  resin  blend 

(30/20  wt  ratio. 

, 24  tecarad 

irradiation  dosaqe 

RT 

3,350 

7,980 

9.05 

3.9C 

150 

3. 180 

3,240 

3.53 

3.  75 

250 

5,070 

6,480 

6. 52 

5. 13 

350 

4,140 

5,620 

4. 10 

2. 35 

400 

1,300 

1.120 

1.26 

- 

500 

960 

1,050 

1.00 

0.33 
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Table  3 (Cont'd) 
Test  Temper- 
ature 
°F 


Flexural  Strength,  PSI 
No  post  16  hours  post 
cure  cure  at  350  °F 


Flexural  Modulus,  PSI  :<  10s 


No  Post 
cure 


16  hours  post  cure 
at  350  °F 


Alumina  Filled  Urethane  Acrylic  Castings  (33  volume  * alumina) 


Uvithane  783/VP  uret.nane  acryl ic/vi i.yl  pyrrolidone  blend  (80/20  wt  ratio) 


RT 

4,320 

4,410 

5.12 

5.34 

150 

4,100 

3,970 

3.42 

2.75 

250 

2,040 

1,860 

0.95 

0.86 

350 

780 

810 

- 

- 

Uvithane  393/VP  urethane 

acrylic/vinyl 

pyrrolidone  blend 

(30/20  wt  ratio 

RT 

3,680 

3,740 

4.33 

5. 10 

150 

3,120 

3,240 

2.80 

3. 10 

250 

1.380 

1.260 

0.83 

0.72 

350 

540 

610 

0.45 

- 
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STRENGTH  PROPERTIES  OF  SELECTED  RADIATION  CURED  THERMOSETTING  POLYMER  LAMINATES  AT  AMBIENT 
AND  ELEVATED  TEMPERATURES 
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These  and  other  similar  casting  and  laminate  experiments  show  clearly 
that  unsaturated  polyester  and  epoxy  acrylate  resins  can  be  cured  quite 
effectively  by  exposure  to  high  energy  electron  beam  ionizing  radiation. 

The  following  specific  advantageous  processing  characteristics  can  be  ascer- 
tained for  this  type  of  cure: 

1.  infinite  pot  life  for  resin  system;  no  catalysts  or  accelerators  required; 
no  mixing  needed 

2.  high  speed  cure  at  ambient  temperatures:  minutes  compared  to  hours  for 
conventional  thermal  cures 

3.  no  post  cure  required  to  obtain  elevated  temperature  performance  equiva- 
lent to  that  realized  with  thermal  cures;  freedom  from  thermally  induced 

stresses 

4.  contact  pressure  gives  good  physical  strength  properties  at  ambient 
temperatures 

5.  .material  saving;  no  catalyst  or  accelerators  needed 

6.  energy  saving;  energy  is  applied  quickly  only  where  needed  in  contrast 
to  thermal  cures  where  energy  is  wasted  heating  the  entire  inside 
volume  of  an  oven  for  prolonged  time  periods 

7.  equipment  saving;  no  ovens  or  similar  heating  equipment  required 

3.  high  productivity  due  to  fast  cure  times. 

The  main  limitations  for  electron  beam  radiation  curing  are  seen 
to  be  as  follows: 

1.  special  types  of  resins  may  be  required,  e.g.  free  radical  type  of 
cure  mechanism  preferred. 

2.  equipment  investment  for  electron  beam  accelerator  high  ana  must  be 
justified  on  greater  productivity  cost  effectiveness 

3.  1 ine-of-sight-curing  limitation 

4.  curing  thickness  limitation  based  on  energy  level  of  the  electron 
beam  employed. 

Consideration  of  both  the  positive  and  negative  aspects  of  radiation  curing 
recommends  this  technique  especially  for  high  volume  production.  Further 
experiments  should  therefore  be  carried  out  on  the  reformulation  of  otner 
thermosetting  resin  systems  of  interest  to  the  Naval  Air  Systems  Command 
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so  that  they  can  be  processed  by  irradiation  curing.  Preliminary  recent 
studies  are  showing  for  example,  that  acrylic  modified  polimides  and  urethanes 


can  be  cured  by  exposure  to  electron  beam  radiation, 
of  such  resin  systems  would  greatly  enhance  the  scope 
bility  of  this  novel  curing  method. 


Successful  reformulation 
and  therefore  the  applica- 


V.  FLASH  POLYMERIZATION 

It  has  recently  been  deemed  of  considerable  interest  to  enhance  the 
performance  capability  of  UV  curing  techniques  which  because  of  limited 
penetration  depth  are  mainly  employed  for  curing  coatings.  Application  of 
conceits  such  as  pulsed  xenon  lamp  radiation  or  chemically  sensitised  so 
called  'visible  light’  radiation  techniques  is  being  studied  for  curing 
organic  polymers  with  greater  cross  section  thickness  than  can  be  achieved 
with  conventional  UV  lamps  both  in  this  country  and  abroad. 

The  high  peak  intensity  output  of  suitably  designed  pulsed  xenon  lamps 
has  been  proposed  as  being  particularly  effective  for  obtaining  deeper  pene- 
tration of  organic  polymeric  materials  and  achieving  cures.  Also  the  con- 
tinuous energy  spectrum  emitted  by  such  lamps  has  been  stated  to  allow 
a wider  range  of  photoinitiators  with  the  possibility  of  lowering  costs 
and  making  selection  of  candidate  materials  less  critical.  Specific  xenon 

lamp  systems  proposed  for  curing  thermosetting  polymer,  include  the  Xenon 

9), 10) 

Corporation 's  (Wilmington,  Mass)  "flash  polymerization , " Berkey  Technical 

11) 

Company's  ('Woodside,  N.Y.)  "Ascor  Pulse  Cure"  and  the  Hildelbrand  Company's 

12) 

(Oberboihinge,  W.  Germany)  "1ST"  process.  The  high  intensity,  short  duration 
energy  flashes  produced  by  pulsed  xenon  gas  discharge  lamps  when  electrical 
energy  stored  in  a capacity  is  discharged  tnrough  the  lamp,  reportedly 
enhances  penetration  depth  significantly. 

This  section  of  the  report  is  concerned  with  a brief  exploratory  study 
of  the  Xenon  Corporation's  flash  polymerization  process  which  has  teen 
advocated  for  the  rapid  curing  of  polymers  in  thickness  from  a few  mils  to 
3/4"  and  more?^ ’ Vne* most* dramatic  claims  for  this  curing  technique  relate 
to  "thick,  opaque  materials  that  do  not  respond  effectively  to  otner  radiation 
processes."  According  to  Xenon  Corporation  who  state  that  the  nature  of  the 
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curing  mechanism  involved  is  far  from  fully  understood,  the  prime  variaoles 
of  this  process  are  part  configuration  including  thickness,  energy  density, 
pulse  recurrence  frequency,  pulse  duration  and  the  cnaracteristics  of  the 
emi tted  spectrum. 

The  Xenon  "flash  polymerization  process  is  stated  to  require  "tuning" 
of  the  energy  emitted  by  the  lamps  to  the  absorption  characteristics  of  the 
chemical  system  under  consideration  for  achieving  optimal  cures) ’^11  differs 
from  other  methods  such  as  the  "Ascor  Pulse"  and  "1ST"  processes  in  that  intense 
heat  as  well  as  light  is  produced  with  much  higher  pulse  intensity  levels, 
lower  pulse  time  durations  and  an  energy  spectrum  which  covers  a very  wide 
range  of  wavelengths. 

Xenon  Corporation  claims  that  with  their  equipment,  electrical  energy  can 
be  efficiently  converted  to  energy  in  the  electromagnetic  spectrum  producing 
a very  broad  radiation  spectrum  at  high  peak  powers  (i.e.  105  to  109  watts)?) 

The  high  peak  powers  are  stated  to  help  overcome  the  effects  of  tne  inverse 
square  law  governing  depth  of  penetration.  Flash  polymerization  can  therefore 
provide  the  full  electromagnetic  spectrum  at  high  peak  powers  to  achieve  rapid 
photo  and  thermal  reactions  both  of  which  are  involved  when  curing  polymers 
according  to  Xenon.  For  chemically  unsaturated  polymeric  materials,  etc.  "the 
UV  energy  from  the  high  intensity  pulses  is  captured  by  the  photoinitiator  in 
the  chemical  system  (if  one  has  been  added)  and  creates  free  radicals  which  pro- 
pagate the  polymerization  (curing)  reaction."^)  In  other  systems  "the  infra- 
red portion  of  the  lamp  energy  output  initiates  and  sustains  the  thermal 
reaction...  the  power  spike,  because  it  is  delivered  in  a short,  rapid 

' t o \ 

pulse,  does  its  work  before  the  polymeric  material  can  deteriorate."^ 

A prototype  Xenon  lamp  system  has  been  reported  to  have  successfully  cured 

flat,  12  ply  laminates  of  Cordopreg  UVFR7531,  a fiberglass  reinforced  polyester 
10) 

prepreg  tape.  The  curing  condition  was  said  to  be  1 minute  at  an  initially 
ambient  temperature.  Three-quarter  inch  thick  slabs  of  the  same  prepreg 


material  were  said  to  have  been  cured  in  only  4 minutes.  Twelve  plies  of 

Hexcel  F670  epoxy  novolac  prepreg  were  cured  in  3 minutes  to  produce  a 1/8" 

thick  laminate  with  a Barcol  hardness  of  75.  Shell  Chemical  Co's  Epon  32S 

resin  and  FP7A  hardener  have  been  anployed  to  impregnate  12  plies  of  131 

style  fiberglass  cloth.  The  assembly  is  said  to  have  been  cured  via  Xenon 

flash  polymerization  in  9 minutes  to  a 75  Barcol  hardness.  Also  12  plies 

of  Hexcel  F224-6  phenolic  prepreg  have  been  cured  in  about  6 minutes.  Other 

examples  cited  by  Xenon  Corporation  include  successful  cures  of  polyurethane 

10) 

coatings  and  RTV  silicone  rubbers  in  short  time  periods.  These  test  reports 
were  deemed  impressive  enough  to  warrant  an  exploratory  study  of  flash 
polymerization. 

The  flash  polymerization  experiments  were  carried  out  with  equipment 
designed  and  built  by  the  Xenon  Corporation.  The  specific  unit  used  was  a one 
kilowatt  (1KW)  polymer  flash  polymerization  laboratory  unit  called  Model  564. 

This  unit  delivers  high  intensity  pulsed  white  light  which  encompasses  the 
full  spectrum  from  the  infrared  region  (11,000  A0)  to  the  ultraviolet  region 
(2200  A°).  The  amounts  of  UV/1R  emitted  are  related  to  the  mode  of  ooe ration 
especially  the  output  voltage  (DC),  y ; shown  in  Fig.  =4,  in  general,  the  higner 
the  DC  Voltage  output,  the  greater  the  quantity  of  UV  lignt. 

The  Model  564  flash  polymerization  laboratory  unit  has  the  following 
specifications:  (a)  maximum  flash  voltage  3000  volts,  D.C.;  (b)  maximum  switch 
energy  per  flash  125  watt-sec.;  (c)  pulse  width  (duration)  125  microseconds; 

(d)  power  output  1000  watts;  (e)  input  power  230  volts  AC  3 phase  with  300  amDS  oeak; 
(f)  maximum  flash  rate  8 pulses  per  second;  and  (g)  effective  area  available  for 
curing  approximately  3"  x 3".  Assuming  the  pulse  duration  is  125  microseconds 
and  the  maximum  switch  energy  per  flash  125  watt-seconds,  tne  instantaneous 
energy  output  will  be  106  watts.  This  instantaneous  energy  is  called  tne  "peak 
power"  and  represents  the  fundamental  difference  between  conventional  UV  and 
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flash  polymerization  equipment.  As  noted  above,  it  is  the  Xenon  Corporation's 
claim  that  the  high  peak  power  (106  watts)  which  can  be  achieved  with  this  pulsed 
flash  mode  of  energy  delivery  which  appears  to  be  able  to  overcome  the  inverse 
square  law  governing  the  depth  of  radiation  penetration.  Also  the  infrared 
region  of  the  emitted  energy  which  will  heat  up  the  polymer  sample  which  in 
turn  will  increase  the  rate  of  polymerization. 

More  specifically,  the  energy  for  polymerization  is  ootained  with  the 
Model  564  Xenon  flash  polymerization  laboratory  unit  by  the  conversion 
of  pulsed  electrical  energy  to  light  using  the  system  illustrated  in  Figures 
5 and  6.  This  energy  storage  system  permits  the  storage  of  electrical  energy 
for  predetermined  delivery  in  controlled  short  pulses.  The  pulse  shaping 
network  controls  the  pulse  rise  time,  width  and  fall  time.  The  trigger  con- 
trol system  activates  the  lamp  when  triggered  from  the  master  control.  The 
stored  electrical  energy  is  discharged  into  the  lamp  at  peak  powers  up  to 
1,000,000  watts  when  ignition  occurs.  The  lamp  then  instantaneously  converts 
the  electrical  energy  to  light  at  very  high  peak  intensities.  The  resulting 
plasma  qenerates  electromagnetic  energy  with  color  temperatures  ranging  from 
2,000  to  20,000  degrees  Kelvin  depending  on  pulse  snape  and  lamp  design. 

Heat  buildup  in  the  produce  is  said  to  be  minimized  because  of  the  short  time 
duration  of  the  energy  pulse. 

This  laboratory  unit  was  used  to  explore  the  curing  of  various  resin 
systems  via  flash  polymerization.  Preliminary  qualitative  experiments  were 
conducted  to  ascertain  such  parameters  as  the  distance  between  the  polymer 
sample  to  be  cured  and  the  Xenon  lamp;  lamp  pulsing  rate  and  duration; 
lamp  pulsing  intensity  and  total  energy  usage;  total  exposure  time,  and  .vait- 
ing  time,  i.e.  time  before  sample  is  examined  after  light  exposure,  and 
heat  up  of  sample  during  exposure.  A two  component  epoxy  resin  system  compris- 
ing Shell  Chemical  Co's  Epon  328  resin  mixed  with  General  Mill's  Versamid  V 25 

hardener  (100/75  parts  by  wt)  was  used  for  the  initial  experiments.  This  resin 
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system  which  can  be  cured  overnight  at  ambient  temperatures , has  been  claimed 
to  be  capable  of  cure  in  about  60  seconds  by  flash  polymerization.  This  resin 
mixture  was  poured  into  2-1/2"  diameter  1/2"  high  aluminum  cups  to  a speci- 
fied depth.  The  resin  filled  cups  were  then  exposed  to  various  flash 
polymerization  conditions.  Table  6 summarizes  the  results  of  some  of 
these  experiments. 

These  experiments  showed  that  the  cure  of  this  twin  component  epoxy  resin 
system  can  indeed  be  significantly  accelerated  by  exposure  to  the  flash  polymer- 
ization. The  cure  time  was  found  to  depend  on  such  variables  as  the  distance  of 
the  polymer  sample  from  the  lamp  and  the  pulse  rate.  Longer  cure  times  caused 
foaming  with  hardening,  probably  due  to  excessive  heat  and  exotherm  development. 
In  general,  the  curing  conditions,  especially  time,  were  found  to  be  rather 
critical  for  obtaining  sound  cured  polymer  samples.  One  interesting  obser- 
vation was  that  the  cured  epoxy  resin  samples  exhibited  initially  rather  low 

ohysical  strengths.  However,  after  about  1 to  1%  hours  the  physical  strength 
was  found  to  be  suostantially  improved. 

It  was  considered  that  the  ooserved  acceleration  of  the  polymerization  reac- 
tion could  be  related  at  least  partially  to  the  temoerature  increase  of  the 
polymer  samples  which  occurred  when  they  were  exposed  to  the  flash  polymerization 
conditions  described  in  Table  6.  A simple  experiment  was  carried  out  to 
verify  this  hypothesis.  An  aluminum  dish  without  resin  was  exposed  to  the 
same  conditions  of  flash  polymeri zation.  A copper-constantan  thermocouple  was 
affixed  to  the  inside  surface  of  tne  aluminum  disn.  Figure  7 records  the 
temperature  increase  of  this  dish  as  a function  of  the  flash  polymeri zation 
exposure  time,  "he  data  show  that  a temperature  of  apDroximately  260°F 
was  reached  after  about  100  seconds  of  exposure.  The  temperature  rise  of  tne 
same  type  of  a aluminum  dish  filled  with  8 grams  of  tne  above  specified  epoxy 
resin  mixture  was  similarly  measured.  The  test  data  show  a temoerature  rise 
to  more  than  300°F  within  100  seconds.  The  results  do  strongly  support  the 
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TABLE  6:  CURING  RtSULTS  FOR  TWO  COMPONENT  EPOXY  RESIN  SYSTEM  BY  FLASH  POLYMERIZATION  TECHNIQUE 
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dwell  at  diiibienl  temperature. 
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TARLE  7:  FLASH  POLYMERIZATION  CURING  RESULTS  FOR  SELECTED  THERMOSETTING  POLYMER  SYSTEMS 
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hypothesis  that  heat  was  an  important  if  not  the  primary  accelerator  of  this 
epoxy  resin  polymerization. 

Several  experiments  were  conducted  wnicn  comprised  the  exposure  of  the 
resin  filled  aluminum  dishes  to  the  blast  of  a hot  air  gun  (1QC0°F).  The 
results  obtained  were  qualitatively  quite  similar  to  those  obtained  via  flash 
polymerization.  The  suggestion  that  heat  exposure  is  instrumental  in  the 
promotion  of  this  polymerization  would  therefore  appear  to  have  consider- 
able validity. 

Additional  experiments  were  carried  out  on  the  flash  polymerization 
of  various  other  thermosetting  polymer  systems  with  emphasis  on  unsaturated 
polymers  which  were  deemed  by  Xenon  Corporation  to  be  prime  candidates  for 
their  process.  All  the  unsaturated  polymer  samples  (Atlac,  Grace,  Desolite, 
Epocryl)  contained  a peroxide  catalyst  or  equivalent.  When  this  catalyst 
was  omitted,  cure  times  were  unsatisfactorily  long.  These  resin  samples 
were  exposed  to  flash  polymerization  in  aluminum  dishes  similarly  to  the 
above  descrioed  epoxy  resin  experiments.  The  results  of  these  exploratory 
studies  are  summarized  in  Table  7. 

The  results  of  these  and  other  flash  polymerization  experiments  were 
deemed  inconclusive.  Significant  reductions  in  cure  times  were  obtained 
with  both  unsaturated  thermosetting  resins  (Atlac,  Grace,  Desolite,  Epocryl) 
and  also  epoxy  polymer  systems.  The  main  cure  mechanism  seems  however,  to 
be  thermally  initiated  from  the  energy  inout  of  the  pulsed  xenon  lamps.  It 
is  interesting  to  note  moreover,  that  the  unsaturated  thermosetting  resins 
required  the  pressure  of  a conventional  catalyst  to  obtain  the  snort  cure 
periods.  As  discussed  in  the  previous  chapter  of  this  report,  the  oresence 
of  such  catalysts  is  not  needed  with  electron  beam  radiation  curing  The 
high  cure  speed  of  the  epoxy  resin  systems  wnich  were  evaluated  can  be  at  leas 
partially  explained  by  a high  exotherm  activated  by  a rapid  rise  in  tne  tsmoer 
ature  of  the  polymer  samples.  Data  are  available  in  the  technical  literature 
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which  show  that  epoxy  resin  systems  can  be  cured  quite  rapidly  at  suitably 
elevated  temperatures. 

Additional  experimentation  is  recommended  in  order  to  obtain  an  adequate 
evaluation  of  the  merits  of  flash  polymerization  as  a room  temperature  curing 
technique.  This  applies  to  both  equipment  particularly  as  regards  available 
curing  areas  (which  are  very  limited  for  most  practical  applications)  and 
also  materials.  It  would  appear  that  at  the  present  state  of  development 
flash  polymerization  applications  may  be  limited  to  rather  special  situations 
where  certain  concrete  advantages  can  be  realized  from  this  polymerization 
technique. 
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VI.  INTERFACIAL  POLYMERIZATION 

Interfacial  polymerization  in  various  forms  has  been  extensively 
investigated  for  over  two  decades  with  primary  emphasis  directed  towards 
the  preparation  of  synthetic  fibers.  As  used  in  the  context  of  these 
studies,  however,  the  term  designates  a process  wnere  a storage  stable 
polymerizable  composition  without  polymerization  catalysts  or  the  equiva- 
lents thereof  comprises  one  phase  and  is  made  to  contact  another  phase 
containing  the  catalyst,  said  contact  resulting  in  initiation  of  the 
polymerization  at  the  interface.  Such  reactions  are  known  and  can  be 
initiated  and  carried  through  at  ambient  temperatures.  Potential  appli- 
cations range  from  curing  fiber  reinforced  composites  to  structural  adhe- 
sive compositions. 

Two  embodiments  of  this  polymerization  approach  for  applications  of 

interest  in  this  research  are  ' prepromoted!  glass  fiber  mat  reinforce - 

20)to  231 

ments  developed  by  the  Ferro  Corporation  about  ten  years  ago  and  more 

recently,  the  advent  of  the  so  called  "second  generation"  structural 
24), 25) 

acrylic  adhesives.  The  'prepromoted'  glass  fiber  mat  reinforcements 
consisted  of  glass  fiber  mats  treated  with  a promoter  system 
capable  of  causing  the  room  temperature  polymerization  of  unsaturated 
polyester  type  resins  by  initiating  the  free  radical  curing  reaction?6 1 
When  these  glass  mat  reinforcements  were  "wet  out"  with  a high  tempera- 
ture peroxide  precatalyzed  polyester  resin,  polymerization  commenced 
at  room  temperature  with  gel  formation  followed  by  curing  of  the  poly- 
ester resin  impregnated  glass  fiber  mats.  ' Rrepromoted'  fillers  can  be 
used  as  well  as  fiber  reinforcements  for  this  process. 

More  recently  interfacial  polymerization  techniques  are  being  applied 

24) 

to  effecting  room  temperature  cures  of  certain  structural  adhesives.  A 
number  of  firms  have  introduced  interfacially  curing  adhesive  composi- 
tions which  polymerize  at  ambient  temperatures  to  form  strong  and  durable 
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bonds  between  a great  many  different  substrates.  One  such  adhesive  system 
comprises  a 100%  reactive  acrylic  graft  copolymer  dissolved  in  a blend 
of  acrylic  monomers  plus  an  activator  system.  The  graft  copolymers  con- 
tain certain  modifying  moities  which  not  only  reinforce  and  toughen 
the  bonds,  but  also  provide  additional  active  chemical  sites  which  promote 
the  polymerization  reaction.  Adhesion  takes  place  at  ambient  temperatures 
when  the  monomers  and  the  activator  graft  polymerize  in  the  glue  line. 

The  more  important  material  and  polymerization  characteristics  for 
a both  technically  effective  and  economically  viable  ambient  temperature 
interfacial  polymerization  process  include  the  following: 

A.  1 Preprcmoted'  Reinforcements  or  Fillers 

' Prepromoted'  reinforcements  or  fillers  must  have  long  term  chemi- 
cal and  physical  stability  to  a range  of  temperatures,  humidities,  etc. 
with  no  loss  of  effectiveness.  The  prepromoted  materials  should  like- 
wise De  non-flammable,  non-toxic,  readily  handled  by  conventional  pro- 
cedures and  storage  stable  at  the  usual  temperatures  and  other 
environmental  conditions. 

B.  Resin  System 

The  resin  system  must  likewise  feature  long  term  chemical  and 
physical  stability  to  a range  of  temperatures,  humidities,  etc., 
without  loss  of  pertinent  properties  particularly  as  regards  curing 
characteristics.  Other  desirable  features  include  non-toxicity, 
non-flammability,  ease  of  handling  by  conventional  procedures 
(viscosity,  wet-out)  and  prolonged  storage  capability  at  the  usual 
temoerature  and  other  environmental  conditions. 

C.  Polymerization 

Controlled  and  reproducible  gel  and  cure  times  are  of  course,  a 
prime  requi rements.  Additional  desiderata  are  non-tacky  surfaces  with 
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air  cures,  completeness  of  polymerization  at  ambient  temperatures 
as  evidenced  by  the  usual  chemical  and  physical  tests  and  achieve- 
ment of  cure  with  contact  pressures  only. 

If  these  material  and  processing  characteristics  can  be  success- 
fully attained,  interfacial  polymerization  is  proposed  as  offering 
the  following  significant  benefits  compared  to  the  conventional  poly- 
merization techniques  which  are  presently  employed  for  room  temper- 
ature curing: 

1)  no  mixing  of  catalysts,  promoters,  etc.,  with  the  resin 
system  is  required , hence  no  chance  for  mixing  errors 

2)  no  calculations  of  catalyst,  promoter  amounts  and  ratios 
with  resins  are  needed,  hence  no  possibility  of  mistakes 

3)  no  weighing  or  metering  flammable  and/or  toxic  materials 

4)  controllable  and  reproducible  gel  times 

5)  rapid  cure  over  a wide  temperature  range  even  in  the 
presence  of  moisture 

6)  no  skilled  labor  needed  to  produce  high  quality  products 

7)  ultimate  simplicity  in  factory  or  field  processing  and 
repair 

3)  energy  efficient  --  no  external  heat  source  needed  for  curing. 
Interfacial ly  curing  polymer  systems  could  be  supplied  as  two-comoo- 
nent  kits  ready  for  use.  For  the  production  of  fiber  reinforced  laminates 
for  example,  such  a kit  would  contain  as  one  ccmDonent  the  prepromoted 
fiber  reinforcement  in  any  convenient  form  such  as  rolls  of  some  sceci- 
fied  width,  etc.  The  other  component  would  be  the  precatalyzed  resin 
composition.  Processing  would  essentially  comprise  merely  cutting  shapes 
of  the  desired  dimensions  of  the  prepromoted  reinforcement  from  tne  roll 
and  then  wetting  them  out.  An  adhesive  or  sealant  kit  would  oe  composed 
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similarly  of  an  activator  and  a resin  component.  Adhesion  would  be 
achieved  by  applying  first  the  activator  on  the  surfaces  to  be  bonded 
or  sealed  followed  by  later  application  of  the  resin  comDonent  and  the 
assembly  of  the  parts  when  needed. 

Exploratory  experiments  were  carried  out  on  both  of  the  above  described 
embodiments  of  the  interfacial  polymerization  approach.  Liquid  tnermosetting 
resins  with  unsaturated  groups  (double  bonds)  were  selected  for  tne  initial 
experimental  studies.  The  specific  resins  investigated  were  styrenatea 
polyesters  and  acrylic  resin  syrups,  vinyl  esters,  polybutadienes,  urethane 
acrylics  and  also  variously  modified  polyimides.  Later  experiments  were 
carried  out  with  epoxy  resins  and  other  non-free  radical  types  of  the  thermo- 
setting resins.  These  resins  were  used  as  matrices  for  the  preparation  of  fiber 
reinforced  composites  at  room  temperatures  using  ' prepromoted 1 fiber  reinforce- 
ments. Some  experimental  work  was  also  carried  out  on  the  formulation  and 
cure  of  adhesive,  sealant  and  casting  compositions, also  at  ambient  temper- 
atures. 

Prepromoted  reinforcements  were  prepared  for  wet  out  with  vinyl  and/or  ally! 
types  of  unsaturated  resins  by  treatment  of  reinforcing  fibers  sucn  as  glass 
and  Kevlar  cloth  (style  181  or  equivalent)  with  an  organic  oeroxiae  solution 
in  a volatile  organic  solvent.  The  peroxide  selected  was  benzoyl  peroxide, 
an  initiator  well  known  for  its  capability  to  polymerize  tne  above  noted 
unsaturated  polymers.  The  organic  solvent  used  in  the  initial  experiments 
was  acetone.  Later  experiments  employed  nalogenated  solvents.  Loon  tne 
evaporation  of  tne  solvent,  peroxide  treated  ' preprcmoted'  fiber  reinforce- 
ments were  obtained. 

Boron  trifluoride  complexes  and  aliphatic  amines  were  deposited  on  glass 

and  Kevlar  fiber  cloth  reinforcements  from  organic  solvent  solutions  in  order  to 

obtain  prepromoted  fiber  reinforcements  for  the  interfacial  polymerization 

of  epoxy  resins  at  ambient  temoeratures.  Shell  Chemical  Company's  823  resin 
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was  employed  for  impregnating  the  prepromoted  glass  fiber  cloths.  Various 
proprietary  curing  agents  were  used  in  conjunction  with  furfural  alcohol, 
resorcinol  and  other  types  of  thermosetting  resins  for  prepromotion  of 
fiber  reinforcements.  All  of  these  experiments  gave  unsatisfactory 
results  in  that  the  desired  polymerization  reaction  could  not  be  effected. 

Selected  free  radical  types  of  polymerizing  thermosetting  resin  compositions 
formulated  for  room  temperature  curing  with  an  amine  accelerator  were  employed 
to  wet  out  and  impregnate  the  prepromoted  fiber  reinforcements  comprising  eitner 
glass  or  Kevlar  181  style  cloth.  Laminates  up  to  approximately  0.150"  thick 
were  then  prepared  (using  up  to  15  plies  of  thusly  ' prepromoted'  clotn  reinforce- 
ments) at  room  temperature  via  interfacial  polymerization,  i.e.  , contact- 
ing the  prepromoted  reinforcing  fibers  with  the  various  matrix  resins.  Con- 
tact pressures  only  were  employed  for  the  preparation  of  these  laminates. 
Prepromoted  inorganic  fillers  were  incorporated  into  similarly  formulated 
resin  compositions  for  possible  adhesive,  sealant  and  coating  applications. 

Non-free  radical  types  of  polymerizing  thermosetting  resin  composi- 
tions were  treated  in  the  same  manner  with  emphasis  on  epoxy  resins. 

However,  as  noted  above  contacting  such  resins  witn  variously  'prepromoted' 
reinforcing  fibers  did  not  produce  the  initiation  of  the  polymerization 
reaction  at  ambient  temperatures  or  even  at  elevated  temperatures.  At  oresent 
the  concept  of  effecting  room  temperature  cures  with  prepromoted  reinforce- 
ments seems  to  be  applicable  only  to  thermosetting  resin  comDOSitions  wnicn 
polymerize  by  a free  radical  type  of  cure  mechanism.  No  data  could  there- 
fore be  ootained  with  these  other  resin  systems. 

Approximately  140  laminates  were  prepared  by  the  interfacial  polymer- 
ization technique  with  peroxide  prepromoted  glass  and  Kevlar  cloth  reinforce- 
ments and  various  free  radical  curing  resins.  Some  experiments  were  also 
carried  out  with  cotton  fabric  reinforcements.  All  the  laminates  were  maae  witn 
the  application  of  contact  pressure  only  at  ambient  temperature  conditions. 
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Specific  matrix  resins  which  were  used  to  impregnate  these  prepromoted 
fiber  reinforcements,  included  the  following: 

1)  styrenated  polyester  resin  syrups: Koppers  V7000;  Atlac  382/styrene 
(70/30  wt  ratio);  Atlac  382/diethyleneglycoldimethacrylate  (70/30  wt  ratio); 
Atlac  382/trimethylolpropanetrimethacrylate  (70/30  and  60/40  wt  ratio). 

2)  acrylic  modified  urethanes:  Thiokol  Uvithane  783/styrene  (60/40  wt 
ratio);  Thiokol  Uvithane  783/diethyleneglycoldimethacrylate  (30/70  wt  ratio); 
Nisso  TE2000/diethyleneglycoldimethacrylate  (50/50  wt  ratio). 

3)  Triallylcyanurate  modified  polyester  resin  syrups:  Atlac  382/trial ly- 
allycyanurate(70/30  wt  ratio);  Atlac  382/triallylisocyanurate  (70/30 

wt  ratio) 

4)  Vinyl  esters:  DOW  XD7156 

5)  1,2  polybutadiene  and  copolymers:  Ricon  100,  150  and  157 

5)  proprietary  modified  acrylic  resin  compositions:  Versiloks  506,  510 
and  516  (with  Accelerator  #4). 

The  most  promising  results  were  obtained  with  benzoyl  peroxide  catalyst 
or  Accelerator  #4  ‘prepromoted'  glass  fiber  and  Kevlar  cloths  after  impreg- 
nation with  either  the  DOW  XD7156  or  the  Versilok  516  resin.  Accelerator  =4, 
a proprietary  product  supplied  by  Hughson  Chemical  Co.  who  also  produce  the 
Versilok  resins,  is  understood  to  be  also  an  organic  peroxide  type  of  material. 

The  Versilok  resins  were  used  as  supplied  without  any  added  room  temper- 
ature polymerization  promoter.  All  the  other  resin  systems  were  compounded 
with  varying  amounts  of  dimethyltoluidine  as  a room  temperature  promoter 
(0. 1%  - 3%  on  a wt  basis). 

Table  #1  summarizes  some  representative  physical  strength  properties  of 
laminates  prepared  from  such  prepromoted  fiber  reinforcements  and  various  free 
radical  curing  thermosetting  resin  compositions.  As  noted  above,  all  cures 
were  carried  out  at  ambient  temperatures  and  contact  pressure  only.  Strength 
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properties  are  seen  to  be  fairly  representative  of  room  temperature  cured 
laminates  with  similar  amounts  of  fiber  reinforcements.  Gel  times  of 
these  systems  were  in  the  order  of  less  than  5 to  40  minutes.  Using 
strength  properties  and  Barcol  hardness  as  criteria,  full  cure  was  considered 
achieved  after  about  6 hours. 

The  gel  times  obtained  in  the  experiments  described  in  Taole  1 
were  rather  short  and  would  tend  to  limit  practical  applications  for  this 
interfacial  curing  technique.  Additional  experiments  were  therefore  carried 
out  to  ascertain  if  gel  times  could  be  changed  to  meet  the  varying  use 
requi rements.  It  was  found  that  gel  times  could  be  widely  and  reproducibly 
altered  by  changing  the  amount  of  the  inhibitor  present  in  these  free  radical 
curing  types  of  resin  matrixes.  Hydroqumone,  a very  widely  used  free 
radical  polymerization  inhibitor,  was  employed  for  this  purpose.  Table  9 
shows  the  effect  of  inhibitor  changes  on  both  gel  and  cure  times  of 
Dow  resin  XD  7156.  The  physical  strength  properties  of  laminates  made  by 
impregnating  prepromoted  fiber  reinforcements  with  resin  matrixes  contain- 
ing different  amounts  of  hydroquinone  inhibitor  were  also  determined. 

Strength  properties  were  found  to  be  independent  of  resin  matrix  innibitor 
level  provided  additional  time  was  allowed  for  curing. 

Exploratory  experiments  were  conducted  with  castings  of  Dow  XD  7156 
resin  containing  peroxide  prepromoted  3M  glass  microspheres  as  fillers 
(approx.  30  wtX)-  The  prepromotion  of  the  glass  microspheres  was  accomplished 
in  the  same  manner  as  that  of  the  fiber  reinforcements  discussed  above.  The 
results  obtained  were  encouraging  in  that  cure  at  ambient  temperatures  was 
obtained  as  desired.  Similar  results  were  realized  wnen  Versilok  resin  516 
or  Koppers  V7000  resin  were  emDloyed  in  place  of  the  Dox  SC7156  resin.  The 
castings  measured  approximately  2"  diameter  and  were  about  3/16"  high. 
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•Ju 


added  as  room  temperature 


CURE  TIME,  HOURS 

HYDROguiNQNE  CONTENT,  PPM  GEL  TIME  MINUTES  BARCOL  HARDNESS  60 


supplied  by  manufacturer,  resin  has  80  ppm  inhibitor  content 


The  Versilok  516  Accelerator  #4  system  was  investigated  for  adhesive 
applications  which  are  the  recommended  use  for  this  material  combination. 

6"xl"xl/8"  2024  aluminum  lap  shear  test  specimens  (1"  overlap)  were  used  for 
this  purpose.  Accelerator  #4  was  coated  onto  one  of  the  aluminum  surfaces 
and  the  volatile  organic  solvent  permitted  to  evaporate.  T'ne  Versilok  516 
resin  was  then  applied  on  the  other  aluminum  surface  and  the  lac  snear  soeci- 
men  assembled  using  strapping  tape  to  hold  it  together.  Tensile  shear 

strengths  were  measured  to  be  in  excess  of  2500  psi  after  a 6 hour  cure  at  ‘ 

ambient  temperature.  Increasing  tne  cure  time  to  12  nours  and  tnen  to 

24  hours  respectively,  did  not  produce  significant  tensile  lap  shear  strengtn 

improvements,  similarly  promising  results  were  obtained  on  FRP  and  also 

steel  surfaces. 

Adhesive  compositions  were  prepared  in  the  same  manner  with  tne  Dow 
XD71 56/benzoyl  peroxide  system.  The  lap  shear  strengths  obtained  with  2024 
aluminum  specimens  (1"  x 6"  x 1/8",  1"  overlap)  were  somewhat  lower.  They 
measured  between  1600  t-o  1800  psi.  Again  increasing  the  cure  time  to  12 
hours  and  24  hours  respectively  did  not  improve  the  tensile  lao  shear 
strength.  Adhesion  to  other  surfaces  such  as  FRP  and  steel,  was  also  some- 
what lower  than  for  the  Versilok  516/Accelerator  =4  system. 

The  limited  experimental  studies  indicate  that  interfacial  polymer- 
ization techniques  offer  definite  promise  for  simplified  ambient  temperature 
curing  of  laminates,  adhesives,  sealants  and  casting  compounds.  At  tne 
present  however,  the  technique  appears  to  be  definitely  limited  to  free 
radical  types  of  thermosetting  resin  systems.  The  major  potential  advantage  of 
this  room  temperature  polymerization  method  is  that  it  eliminates  problems 
associated  with  metering,  weighing  and  mixing,  The  most  important  problem  is 
the  realization  of  ' prepromoted ' reinforcements  which  have  long  term  stability 
to  various  temperatures,  humidities  and  other  environmental  conditions  that 
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may  be  encountered  during  storage.  The  solution  of  this  problem  lies  in  the 
development  and  formulation  of  promoters  with  enhanced  long  term  thermal  and 
chemical  stability  for  deposition  on  fiber  reinforcements , fillers,  etc. 
Additional  studies  to  extend  our  understanding  and  to  develop  specific  appli- 
cations for  this  room  temperature  curing  technique  are  recommended. 
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VII.  ANAEROBIC  CURING 


Anaerobic  polymers  have  achieved  widespread  usage  for  adhesives  and 

sealants  due  to  their  unique  cure  mechanism  which  takes  place  at  ambient 

temperatures  only  when  they  are  enclosed  between  active  surfaces  such  as 

28 1 

metal  parts,  in  the  absence  of  air.  'These  polymers  are  furnished  as  one 
component  system  which  makes  them  convenient  to  use  and  have  the  capa- 
bility to  be  chemically  and  physically  modified  and  formulated  to  fit  a 
wide  variety  of  applications  and  use  conditions.  At  present  their  major  use 
ranges  from  t 4 looking  adhesives  and  sealants  to  bonding  various  metal 
parts  at  room  temperature  conditions. 

Recent  developments  in  the  technology  of  anaerobically  curing  polymers 
have  greatly  enhanced  their  physical  and  chemical  properties  and  raise 
questions  regarding  their  possible  use  for  applications  other  than  room 
temperature  curing  adhesives  and  sealants.  The  concept  of  employing  one 
component  polymer  compositions  which  can  be  cured  at  ambient  temoeratures  by 
the  removal  of  air  only, is  certainly  an  attractive  one  for  the  manufacture 
of  a great  many  nonmetal  lie  components  including  fiber  reinforced  laminates, 
potting  compounds,  etc.  A limited  number  of  experiments  were  therefore  carrie 
out  to  ascertain  the  potential  of  anaerobic  curing  techniques  for  curing 

the  various  nonmetallic  parts  of  interest  to  the  Naval  Air  Systems  Command. 

28) 

Anaerobic  cure  systems  are  based  on  a free  radical  cure  mecnanism.  Free 
radicals  generated  by  metal  contact  or  other  means,  react  readily  with  tne 
momomer  molecules  to  cure  them  into  hard,  tough  cross-linked  thermoset  types  o 
plastics  at  ambient  temperatures.  The  100T  reactive  anaerooic  monomers  are 
converted  into  these  thermoset  plastics  with  minimal  snrinkage  during  cure. 

The  cured  products  have  thus  proved  very  effective  for  bonding  various  parts 
together  and  sealing  assemblies  against  leakage  and  also  internal  corrosion. 
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The  traditional  or  'first  generation'  anaerobics  were  basically  polymer- 
ized di -or  tri methacrylate  esters  and  used  for  thread  locking  metallic  bolts 

28-30) 

and  screws,  sealing  flames  and  bonding  smooth  cylindrical  parts.  Modifica- 
tion of  the  monomer  molecules  with  specific  functional  groups  and/or  other 
monomers  such  as  for  examDle,  urethanes  extends  their  usage  to  a wide 
variety  of  high  performance  adhesive/ sealant  applications  while  maintaining 
such  desirable  characteristics  as  fast  room  temperature  cures  with  minimal 
shrinkage.  Also  accelerators  or  primers  are  now  available  for  bonding  to 
nonmetal  lie  surfaces  again  in  the  absence  of  air  only. 

Recently  urethane  modified  dimethacrylate  polymers  have  been  developed 

28) 

which  can  be  readily  and  quickly  cured  anaerobically  at  ambient  temperature. 

This  exhibit  the  superior  adhesive  strength  and  toughness  typical  of  the 
urethane  family  of  polymers  plus  the 'ease  of  cure' characteristics  of  the 
conventional  one  component  anaerobic. polymer  compositions.  These  new  polymeric 
materials  are  reported  to  oond  well  and  furnisn  excellent  seals  not  only  to 
metallic  surfaces  but  also  to  various  thermosetting  plastics,  glasses  ana 
ceramics.  Tensile  strengths  in  excess  of  6000  psi  and  impart  strengths  as 
high  as  500  ft/lb  air  nave  been  claimed  for  these  improved  anaerobic  adne- 
sives  and  sealants. 

Still  later  developments  relate  to  technical  advances  which  substantially 

?Q'> 

upgrade  the  thermal  stability  of  anaerobically  cured  polymer  sys terns 7" 'Anaero- 
bically cured  resins  have  become  available  which  offer  high  onysical  strer.ctns 

31) 

and  long  term  durability  at  temperatures  as  high  as  ASO^F.  Recently  introduced 
anaerobic  neat  resistance  adhesives  feature  a 3000  psi  lao  snear  tensile 
strength  (iron/iron)  after  cure  at  room  temperature  at  only  contact  pressures. 

As  much  as  75;i  of  the  original  lap  shear  tensile  strength  is  said  to  be  stained 
after  2500  hours  of  450°F  exposure  in  air.  These  heat  resistant  anaerobically 
curing  polymers  are  understood  to  be  acrylic  modified  polyimides.  Extension 
of  anaerobic  cure  technology  to  polyimides  is  of  very  real  interest  for  the 
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aerospace  field  with  its  many  high  temperature  adhesive  and  sealant  appli- 
cations. 

Anaerobically  curing  polymers  are  thus  obviously  candidates  for  explor- 
atory studies  of  high  molecular  weight  materials  which  can  be  cured  at 
ambient  temperatures.  Obvious  advantageous  characteristics  of  these  100% 
reactive  produces  include  absence  of  solvents;  no  need  for  mixing;  no  noxious 
or  volatile  products  given  off  during  cure;  good  physical  strengtns  chemical 
and  thermal  stability,  etc.  Potential  application  areas  of  adhesives  and 
sealants  for  both  metallic  and  nonmetallic  substrates,  composites  and  pot- 
ting compounds. 

Lap  shear  strength  experiments  were  first  carried  out  on  anaerobic  cures 
at  room  temperature  of  various  corrmerci ally  available  adhesive  compositions 
made  by  the  Loctite  Corporation  of  Newington,  Conn.  The  specific  adhesives 

investigated  were  Loctite  306,  312,  317  and  L0-559.  Table  #10  summarizes 

„ 29) 

the  properties  of  these  materials  in  the  uncured  (liquid)  state.  Strips  of 

2024  aluminum  alloy  (1"  x 6"  x 1/3")  were  prepared  for  bonding  with  these 

adhesives  by  the  standard  FPL  acid  dichromate  etching  procedure. 

To  assemble  the  specimens,  a few  drops  of  the  adhesive  composition  were 
distributed  on  a one-inch  square  area  of  one  aluminum  strip  and  tne 
second  aluminum  strip  was  positioned  above  the  first  so  as  to  produce  a one- 

inch  square  lap  joint.  The  metal  surfaces  were  pretreated  with  Loctite 

Accelerator  ~ 707  before  placement  of  the  adhesive.  The  assemolies  were  tnen 
tightlv  wrapped  with  qlass  fiber  reinforced  strapping  tape  to  maintain  their 

configuration  during  handling  and  curing.  Bond  lines  were  in  the  order  of 

5 mils  or  less.  Single  lao  shear  strengths  were  measured  at  ambient  temper- 
atures and  after  500  hours  of  aqinq  in  air  at  350UF;  water,  JP  4 and  acetone 
’mmersions  at  room  temperature. 

The  results  of  these  experiments  are  summarized  in  Table  -11.  The  data 

5 how  that  all  four  Loctite  adhesives  had  tensile  lap  shear  strengths  in  the 
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TABLE  10:  PROPERTIES  OF  SELECTED  MODIFIED  THERMOSETTING  ACRYLIC  ADHESIVES  IN  THE 

UNCURED  (LIQUID)  STATE 
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is  three  months  minimum  except  for  LDS-LO-559  whose  shelf  life  is  less  as  indi- 
cated above. 


order  of  2000  psi  after  a 24  hour  cure  at  room  temperature.  It  should  be 
noted  that  contact  pressure  only  was  applied  during  the  curing  process. 

After  500  hours  of  exposure  to  air  at  350°F,the  tensile  lap  shear  strengths 
of  Loctite  adhesives  306,  312  and  LDS-L0-559  held  up  very  well.  As  a matter 
of  fact  the  tensile  lap  shear  strength  of  adhesive  L0- 559  showed  a significant 
increase  of  close  to  20%.  The  tensile  strength  of  Loctite  adhesive  317  showed 
a definite  drop  after  this  500  hour. 350  F exposure  test.  Also  500  hours 
inmersion  in  water,  JP-4  and  acetone  at  room  temperature  did  not  affect  the 
tensile  lap  shear  strengths  di sadvantageously  with  the  exception  of  Loctite  adhe- 
sive 312  which  apparently  lacked  acetone  resistance. 

Additional  lap  shear  strength  tests  were  carried  out  with  Loctite  adhe- 
sive LO-559  which  is  reported  to  offer  the  greatest  thermal  stability  of  the 
entire  Loctite  adhesive  line.  These  tests  which  were  carried  out  in  the 
same  manner  as  those  described  previously, are  shown  in  Table  #12.  Information 
on  a similar  adhesive  compounded  at  New  York  University  is  included  in  the  table. 
The  test  data  show  significant  tensile  lap  shear  strength  retentions  after  pro- 
longed air  exposures  to  temperatures  as  high  as  450°F.  These  results  are  oromising 
particularly  in  view  of  the  very  simple  bonding  procedure  used  esoecially  when 
compared  to  the  complexities  of  current  structural  bonding  technology. 

A considerable  amount  of  work  was  carried  out  to  extend  the  range  of 
anaerobic  technology  to  curing  fiber  reinforced  laminates  and  castings  at  room 
temperature.  The  general  approach  was  to  remove  air  from  a layup  or  casting  by 
means  of  a high  vacuum  pump  in  order  to  obtain  anaerobic  conditions.  The 
results  were  disappointing  in  that  no  cure  was  obtained  unless  the  section 
thickness  of  the  polymer  was  in  the  order  of  about  20  mils  or  less.  These  and 
other  experiments  suggest  that  the  anaerobic  cure  mechanism  may  well  be  domi- 
nated by  the  diffusion  of  catalytic  metal  ions  from  the  metal  surfaces  into 
the  resin.  It  seems  to  be  quite  a short  range  phenomenon  in  that  while  the 
resin  layers  close  to  the  metal  surface  cure,  the  "interior"  of  the  resin 


remains  liquid. 
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TABLE  11:  SINGLE  LAP  SHEAR  STRENGTH  PROPERTIES  OF  SELECTED  ANAEROBICALLY  CURED  ADHESIVES 

SINGLE-LAP  SHEAR  STRENGTH  (PS I)* 


adherents  2024  aluminum  alloy 

cure  time  24  hours  at  room  temperature 


TABLE  12:  SINGLE  LAP  SHEAR  STRENGTH  PROPERTIES  OF  ANAEROBICALLY  CURED  LOCTITE  ADHESIVE  LO-559 

AFTER  HEAT  AGING  AT  450°F 
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NYU  Formu lation:  Rhone  Poulene  Kerimid  601/ethyleneglycol  dimethacrylate 
60/40  wt  ratio  with  50  pts 


Anaerobic  room  temperature  cures  offer  many  attractive  features  includ- 
ing employment  of  a ready  to  use  one  component  adhesive  without  mixing,  pot 
life  problems,  etc.  The  presently  developed  polymer  compositions  are  however, 
limited  in  applicability  to  adhesives  and  sealants  due  to  the  nature  of  the  cure 
mechanism.  Additional  R & D is  suggested  in  order  to  optimize  the  potential 
of  anaerobic  rocm  temperature  cures,  for  structural  bonding  and  sealant  appli- 
cations. 


J 
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VIII.  AMBIENT  TEMPERATURE  CURING  POLYMER  COMPOSITIONS  WITH  HIGH  TEMPER- 
ATURE SERVICE  CAPABILITIES 

Ambient  temperature  polymer  compositions  with  high  temperature  service 
capabilities  are  of  obvious  interest  for  the  preparation  of  fiber  reinforced 
composites,  adhesives,  sealants,  potting  compounds,  etc.  Experimental 
studies  were  briefly  conducted  to  explore  the  development  of  such  compositions 
and  to  evaluate  them  at  both  ambient  and  elevated  temperature  conditions. 

Because  of  their  exceptionally  desirable  balance  of  physical  and  chemical 
properties,  unique  compounding  versatility  and  ready  processing  characteristics, 
epoxy  resins  were  selected  for  exploratory  work.  The  experiments  were  limited 
to  adhesives  and  fiber  reinforced  composite  structures. 

Epoxy  resin  compositions  which  cure  at  room  temperature  and  have  high 
temperature  service  capability  have  long  been  of  considerable  interest 
especially  for  repair  of  nonmetallic  structural  components.  The  present 
state-of-the-art  is  represented  by  Aerospace  Adhesive  EA  934  (Hysol  Dexter 
Corp. ) and  Armstrong  A-66  Epoxy  Adhesive  (Armstrong  Products  Company).  These 
oroprietary  adhesive  compositions  cure  at  ambient  temperatures  and  have  signi- 
ficant lap  shear  strengths  (alumi num/aluminum)  even  after  exposures  to 
temDeratures  as  high  as  400°F  for  more  than  200  hours.  Data  on  an  alternative 
epoxy  resin  composition  which  features  a low  temperature  cure  and  high  temper- 
ature service  properties  have  recently  been  published  by  researchers  of  the 
Hughson  Chemical  Co.  (Erie,  Pa.).  The  Hughson  system  is  said  to  be  applicable 
for  the  preparation  of  both  adhesives  and  fiber  reinforced  laminates. 

The  exploratory  t-poxy  formulation  investigated  at  New  York  University 
comprised  specific  two  component  systems  which  when  mixed  together  cure  at 
ambient  temperature  with  nopefully  high  temperature  service  properties.  Compo- 
nent "A"  was  a blend  of  a multifunctional  epoxy  resin  with  a conventional  epi- 
chlorhydryin  bisphenol  A resin  (epoxy  equivalent  weight  130-195).  A number 
of  different  blends  of  these  two  comoonents  were  investigated.  Two  such 
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blends  considered  to  be  promising  on  the  basis  of  quantitative  evaluations 
were  Ciba  Geigy  Resins  0500/6010  (70/30  wt  ratio)  and  Ciba  Geigy  MY 720/6010 
(70/30  wt  ratio).  Ciba  Geigy  Resins  0500  and  MY720  are  tri  and  tetrafunctional 
respectively  and  6010  is  a typical  epichlorhydrin  bisphenol  resin  ( EEWwt  180-195). 
The  epoxy  component  "B"  was  based  on  a long  chain  polyamide  such  as  General 
Mills  Chemical  Company's  Versamid  140  or  Jefferson  Chemical  Company's 
Jeffamines  D-230,  D-400  and  0-2000.  Some  experimental  work  was  also  carried 
out  with  Ciba  Geigy  proprietary  hardener  956  for  use  as  component  "B". 

Figures  9 to  12  summarize  the  effects  of  heat  aging  in  air  at  200°C  on 
tensile  strength  characteristics  of  glass  reinforced  laminates  prepared  with 
such  room  temperature  curing  epoxy  compositions.  The  test  data  show  compositions, 
containing  hardener  956  have  substantially  better  tensile  strength  retentions 
upon  21  days  exposure  to  200°C  than  those  prepared  with  the  Versamid  140  and 
the  Jeffamine  blend.  The  tensile  strength  of  the  glass  cloth  laminate  prepared 
with  the  956  hardener  was  still  around  30,000  psi  after  the  21  day  exposure 
to  200°C. 

A few  experiments  were  also  carried  out  with  room  temperature  curing 
epoxy  adhesive  compositions  of  tne  same  types.  Lap  shear  strengtn  data  were 
obtained  for  aluminum/aluminum  specimens  (1  square  inch  overlap)  at  both  ambient 
and  elevated  temperatures.  The  room  temperature  lap  shear  strengths  after  a 
24  nour  room  temperature  cure  typically  ranged  from  2100  - 2300  psi.  Lap 
shear  strengths  after  48  hours  exposure  at  220°C  fell  to  around  1400  psi. 

The  lap  shear  strengths  after  96  hours  exposure  at  200°C  and  tested  at  room 
temperature,  were  in  the  1700  psi  range. 

These  few  results  are  considered  encouraging  as  they  show  that  room  temoer- 
ature  curing  epoxy  compositions  can  be  formulated  from  rather  simple  and  readily 
available  resins  and  curing  agents  which  exhibit  quite  respectable  strength 
retentions  even  after  prolonged  exposures  to  temperatures  as  hign  as 

200  C.  It  is  proposed  that  the  elevated  temperature  performance  of  sucn 
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oom  temperature  curing  apoxy  compositions  could  be  substantially  enhanced  by 
developing  more  sophisticated  curing  agents  which  include  curing  components 
with  high  temperature  service  capabilities.  Such  materials  are  known  in  epoxy 
technology.  Successful  development  of  such  room  temperature  curing  epoxy  resin 
composition  with  high  temperature  performance  seems  quite  feasible  tecnnically 
and  when  accomplished  will  fill  a definite  void  in  our  present  epoxy  formulary, 
especially  for  field  repair  of  aerospace  components  and  the  like.  Furthermore, 
the  concepts  developed  in  such  a study  could  with  appropriate  modifications  be 
applicable  to  other  thermosetting  resin  systems. 


-58- 


IX.  SUMMARY 


The  performance  properties  of  thermosetting  polymer  systems  which  are 
cured  with  the  application  of  heat  and  pressure  generally  surpass  those 
obtained  with  ambient  temperature  cures  for  the  same  systems.  This  report 
describes  a program  of  research  and  development  comprising  the  exploration  \ 

and  study  of  selected  novel  ambient  temperature  curing  techniques  with  tne 
goal  of  obtaining  performance  characteristics  which  will  equal  or  surpass 
those  achieved  with  conventional  heat/pressure  type  cures. 

/ 

The  specific  new  room  temperature  curing  methods  experimentally  investi- 
gated included  electron  beam  radiation,  flash  polymerization,  interfacial 
polymerization  and  anaerobic  cures.  Some  experiments  were  also  carried  out 
on  the  development  of  room  temperature  curing  polymer  systems  with  high  temper- 
ature service  capabilities.  All  these  novel  curing  techniques  have  advantages 
and  limitations.  The  major  advantages  relate  to  the  formulation  of  easy-to-use  . 
one  component  systems  free  from  mixing  and  pot  life  limitations  and  rapid  cures. 

At  present  these  systems  are  however,  limited  to  polymer  compositions  wnicn 
cure  by  a free  radical  mechanism.  Potential  uses  of  these  room  temperature 
cure  systems  include  fiber  reinforced  laminates,  adhesives,  sealants  and 
potting  compounds. 

Electron  beam  radiation  curing  appears  to  be  a cost  effective  method  for 
line  of  sight  curing  free  radical  type  thermosetting  polymer  systems  at  nigh 
speed  and  at  ambient  temperature.  To  justify  the  large  equipment  investment 
required  for  an  electron  beam  accelerator,  a volume  production  requirement 
should  exist.  Flash  polymerization  with  pulsed  xenon  lamps  requires  addi- 
tional technical  development  botn  as  regards  equipment  and  materials.  It  may 
be  aDplicable  at  this  time  for  curing  continuous  profiles  such  as  small 
di ameter  pipe. 

Interfacial  polymerization  wi tn  prepromoted  fiber  reinforcements  or  pre- 
promoted fillers  offers  a number  of  advantages  with  negligible  equipment 
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investment.  The  process  requires  however,  further  development  especially 
for  an  industrially  acceptable  system  capable  of  long  term  storage  with 
no  loss  of  effectiveness.  Anaerobic  cures  are  apparently  limited  to 
adhesives  and  sealant  applications  with  the  presently  available  polymer  compo- 
sitions. A very  real  immediate  potential  is  soon  in  structural  adhesive  bond- 
ing especially  with  metal  surfaces.  The  development  of  room  temperature 
curing  polymer  systems  with  high  temperature  service  capabilities  is 
viewed  as  a promising  and  attainable  goal  particularly  with  epoxy  type 
resin  systems. 
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FIGURE  5:  Energy  conversion  for  Model  564  Xenon  flash 
polymerization  laboratory  unit 
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FIGURE  7 TO  BE  INSERTED 
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